Two new transition metal thiocyanate coordination polymers with the composition [Co(NCS) 2 (4-vinylpyridine) 2 ] n (1) and [Co(NCS) 2 (4-benzoylpyridine) 2 ] n (2) were synthesized and their crystal structures were determined. In both compounds the Co cations are octahedrally coordinated by two transcoordinating 4-vinyl-or 4-benzoylpyridine co-ligands and four m-1,3-bridging thiocyanato anions and linked into chains by the anionic ligands. While in 1 the N and the S atoms of the thiocyanate anions are also in trans-configuration, in 2 they are in cis-configuration. A detailed magnetic study showed that the intra-chain ferromagnetic coupling is slightly stronger for 2 than for 1, and that the chains in both compounds are weekly antiferromagnetically coupled. Both compounds show a long range magnetic ordering transition at T c = 3.9 K for 1 and T c = 3.7 K for 2, which is confirmed by specific heat measurements. They also show a metamagnetic transition at a critical field of 450 Oe (1) and 350 Oe (2), respectively. Below T c 1 and 2 exhibit magnetic relaxations resembling relaxations of single chains. The exchange constants obtained from magnetic and specific heat data are in good accordance with those obtained from constrained DFT calculations carried out on isolated model systems. The ab initio calculations allowed us to find the principal directions of anisotropy.
Influence of metal coordination and co-ligands on the magnetic properties of 1D Co(NCS) 2 
Introduction
During the last few decades, the development of strategies for the rational synthesis of new molecular magnetic materials with desired physical properties has attracted increasing interest. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] In this context 1D magnetic compounds that show a slow relaxation of magnetization like, e.g., single-chain magnets (SCMs) are of special interest, because they are able to store a magnetic moment for a long time, and therefore, they have some potential for future applications. [14] [15] [16] [17] [18] [19] [20] [21] This might be one of the reasons why an increasing number of such compounds were recently reported and some selected examples are given in the reference list. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] For the synthesis of such compounds cations of large magnetic anisotropy must be connected by ligands into 1D magnetic chains with a high ratio between intra-and interchain interactions. Therefore, for optimization of the properties of such materials systematic investigations of the influence of chemical and structural modification on their magnetic properties might be helpful. We have recently reported on a family of coordination compounds of composition [Co(NCX) 2 (L) 2 ] n (X = S, Se and L = N-donor co-ligand), in which Co(II) cations are octahedrally surrounded by two trans-coordinating N and two S atoms of thioor two Se of selenocyanate anions and two trans-coordinating neutral N-donor co-ligands and linked by pairs of anionic ligands into linear chains (Fig. 1) . [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] This is a common arrangement for such compounds, even if in some cases also other topologies like, e.g., layers or dimers are observed. [53] [54] [55] [56] [57] Independent of the fact that although similar co-ligands are used, the compounds with the chain structures can be divided into two different groups: in one group, the compounds exhibit an antiferromagnetic (AF) ground state and show a metamagnetic transition. The magnetic relaxations observed for these compounds can be traced back to that of single chains. [41] [42] [43] [44] In contrast, the compounds of the second group exhibit a ferromagnetic (FO) ground state and the relaxations observed in the AC measurements might not be traced back to the relaxation of single chains. 46, 47 It is noted that for all of these compounds two different arrangements of the a Institute of Physics, Jagiellonian University, Łojasiewicza 11, 30-348 Kraków, Poland b Institut für Anorganische und Analytische Chemie, Universität Jena, Humboldtstr. 8, 07743 Jena, Germany c Institut für Anorganische Chemie, Christian-Albrechts-Universität zu Kiel, Max-Eyth-Straße 2, 24118 Kiel, Germany. E-mail: cnaether@ac.uni-kiel.de † Electronic supplementary information (ESI) available: Crystal data and ORTEP plots, IR, XRPD, magnetic and specific heat data with analysis, DFT models and spin densities, numerical results of calculations. CCDC 1507089 (1) , and 1507085 (2) . For ESI and crystallographic data in CIF or other electronic format. See DOI: 10.1039/c6cp08193b chains are found. In one group the N-N vectors to the N-donor co-ligand are parallel, whereas in the second group half of them are canted (Fig. S1 in ESI †). However, these two different arrangements are not obviously correlated to the magnetic ground state of these compounds, because for each group (AF or FO) examples are observed, with N-N vectors of neighboring chains parallel or canted. [42] [43] [44] [45] [46] [47] For the present study we chose 4-vinylpyridine (Scheme 1) which is topologically very similar to 4-ethylpyridine reported earlier and which differs only by two H atoms. In this case it would be of interest to find out which structure the vinylpyridine compound will adopt and what will be its magnetic ground state in comparison to 4-ethylpyridine. We also chose the larger 4-benzoylpyridine (Scheme 1) as co-ligand, for which longer inter-chain distances are expected but surprisingly a compound was obtained, in which the N and S atoms of the anionic ligands are cis-oriented, whereas the co-ligands are still trans to each other. This coordination is different from that observed in all other compounds of this family and allows us to study the influence of a slightly different metal coordination on the magnetic properties.
It is noted that for these two co-ligands the crystal structures of compounds of composition Co(NCS) 2 (4-vinylpyridine) 4 as well as Co(NCS) 2 (4-benzoylpyridine) 4 were already reported, where the 4-vinylpyridine compound existed in two polymorphic modifications. [58] [59] [60] These compounds consist of discrete complexes, in which the Co(II) cations are octahedrally coordinated by two terminal N-bonded thiocyanato anions and four N-coordinating co-ligands. Moreover, the crystal structure of a compound of composition Co(NCS) 2 (4-vinylpyridine) 2 was also reported, that exactly corresponded to the composition expected for the desired chain compound. However, this compound consisted of discrete complexes in which the Co(II) cations were tetrahedrally coordinated by two terminal thiocyanato anions and two 4-vinylpyridine co-ligands. 59 In this article the crystal structures of two new chain compounds are presented together with their magnetic characterization. The aim of this paper is detailed comparative studies of DC and AC magnetic properties and specific heat measurements as well as ab initio and DFT calculations of relevant magnetic parameters. Among others, we would also like to see if there is any influence of the cis vs. trans coordination of the Co cations on the magnetic properties. Synthesis of Co(NCS) 2 (4-benzoylpyridine) 2 (2) . Single crystals of compound 2 were obtained by the reaction of Co(NCS) 2 (52.5 mg, 0.30 mmol) and 4-benzoylpyridine (27.5 mg, 0.15 mmol) in 1.5 mL of ethanol at 80 1C for 3 d. Single crystals were formed on the edge of the reaction vessel but some of them consisted of the discrete complex Co(NCS) 2 (4-benzoylpyridine) 4 . 58 
Experimental section

X-Ray powder diffraction (XRPD)
The XRPD measurements were performed by using (1) a PANanalytical X'Pert Pro MPD Reflection Powder Diffraction System with CuKa radiation (l = 154.0598 pm) equipped with a PIXcel semiconductor detector from PANanalytical and (2) a Stoe Transmission Powder Diffraction System (STADI P) with CuKa radiation that was equipped with a linear position-sensitive MYTHEN detector from STOE & CIE. 
IR spectroscopy
FT IR spectra were recorded on a Genesis series FTIR spectrometer, by ATI Mattson, in KBr pellets, as well as by using an Alpha IR spectrometer from Bruker equipped with a Platinum ATR QuickSnapt sampling module between 375 and 4000 cm
À1
.
Elemental analysis
CHNS analysis was performed using an EURO EA elemental analyzer, fabricated by EURO VECTOR Instruments and Software.
Single-crystal structure analyses Data collection was performed using an imaging plate diffraction system IPDS-2 (1 and 2) with Mo-K a -radiation from STOE & CIE. The structure solutions were performed by direct methods using SHELXS-97 and structure refinements were performed against F 2 using SHELXL-97. All non-hydrogen atoms were refined with anisotropic displacement parameters. The hydrogen atoms were positioned with idealized geometry and were refined isotropically with U iso (H) = À1.2Á U eq (C) using a riding model. In 1 a part of the co-ligand is disordered and was refined using a split model. For 2 the absolute structure was determined and is in agreement with the selected setting (Flack x = 0.014 (16) by classical fit to all intensities and 0.012(6) from 1487 selected quotients (Pearson's method)). Selected crystal data are shown in Table S1 (ESI †). CCDC 1507089 (1), and CCDC 1507085 (2) contain the supplementary crystallographic data for this paper.
Magnetic measurements
Magnetic measurements were performed for polycrystalline samples using a Quantum Design MPMS XL magnetometer. In order to avoid reorientation of grains in a magnetic field the powders were mixed with Nujol and frozen below 250 K with zero field. Diamagnetic corrections of sample holders and the core diamagnetism were subtracted.
Specific heat measurements
Specific heat was measured by the relaxation technique using the Quantum Design PPMS. Powders were pressed without any binder into a thin pellet. Apiezon N grease was used to ensure thermal contact of the samples with the microcalorimeter. The heat capacity of the calorimeter with the grease was measured before each run and subtracted subsequently.
Computational details
In the DFT calculations the positions of the non-hydrogen atoms have been taken from the crystal structures of 1 and 2, which we use as initial molecular structures for the different computational models (see Computational studies). The positions of all hydrogen atoms were optimized using the Turbomole 6.6 package of programs 61 at the RI-DFT 
In the case of BS-DFT the coupling constant was obtained by Yamaguchi's approach 74, 75 (see eqn (2)).
To obtain the single-ion [80] [81] [82] Subsequently, dynamic correlation was treated with CASPT2 on the basis of the CASSCF wave functions for 10 quartet and the 12 lowest doublet states. The RASSI-SO method was employed to treat mixing of states with different multiplicities and to include spin-orbit coupling. Finally, the SINGLE_ANISO module on the basis of the RASSI-SO wave function was used to obtain single-ion anisotropies.
Results and discussion
Synthetic aspects and crystal structures of compounds 1 and 2
The reaction of equimolar amounts of cobalt(thiocyanate) with 4-vinylpyridine, respectively 4-benzoylpyridine, leads to the formation of the two new compounds 1 and 2. If more co-ligand is used the known complexes Co(NCS) 2 (4-vinylpyridine) 4 and Co(NCS) 2 (4-benzoylpyridine) 4 , respectively 2132 cm À1 (2), clearly indicating that in these compounds the Co(II) cations are linked by the anionic ligands ( Fig. S2 and S3, ESI †). This is somehow surprising, because, as mentioned above, a compound of composition Co(NCS) 2 (4-vinylpyridine) 2 was already reported to form discrete tetrahedral complexes, for which a value for the CN stretch of about 2050 cm À1 is expected. 59 Therefore, it is highly likely that a different modification was obtained, using the synthesis from solution.
[Co(NCS) 2 (4-vinylpyridine) 2 ] n (1) crystallizes in the triclinic space group P% 1 with 2 formula units in the unit cell. The asymmetric unit consists of two crystallographically independent Co(II) cations, which are located on centers of inversion, and two thiocyanato anions as well as two 4-vinylpyridine ligands in general positions (Fig. S4 , ESI †). In the crystal structure, the Co cations are always trans-coordinated by the two N-and two S-bonding thiocyanato anions as well as two co-ligands and this is the usual coordination observed in this family of compounds. The Co-N bond lengths of 2.050(2) and 2.164(2) Å and the Co-S bond lengths of 2.5862(7) and 2.6051(7) Å are comparable to those in similar compounds (Table S1 , ESI †). The Co(II) cations are linked into chains by pairs of thiocyanato anions via a m-1,3-bridging coordination (Fig. 2, top) .
The 4-benzoylpyridine compound 2 crystallizes in the orthorhombic space group P2 1 2 1 2 1 with four formula units in the unit cell. The asymmetric unit consists of one Co cation, two thiocyanato anions and two 4-benzoylpyridine ligands (Fig. S5 , ESI †). The Co cations are octahedrally coordinated by two N-and two S-bonding thiocyanato anions as well as two N-bonding co-ligands, with bond lengths and angles comparable to that in 1 (Table S3 , ESI †). As in compound 1, the N-donor co-ligands are still trans-coordinated but for the anionic ligands a cis-coordination is found that was never observed before in this class of compounds. The Co(II) cations are linked by pairs of m-1,3-bridging anionic ligands into linear chains (Fig. 2, bottom) . The intra-chain distances between the Co centers amount to 5.653 Å in compound 1 and to 5.588 Å in compound 2 ( Table 1) . The longest inter-chain distance is observed for the 4-vinylpyridine compound, which is somehow surprising, because 4-benzoylpyridine is the larger ligand. However, this might be traced back to the different arrangement of the chains in the crystal (see below).
In 1 the N vectors of the co-ligands of neighboring chains are all parallel, which belongs to one of the two possible arrangements of chains in this family of compounds (Fig. S6 , ESI †). It is noted that this arrangement is different from that in [Co(NCS) 2 (4-ethylpyridine) 2 ] n , in which the N-N vectors are canted. This is somehow surprising, because as mentioned in the Introduction, both ligands are structurally very similar, and therefore, similar crystal structures are expected. However, the 4-benzoylpyridine compound adopts the arrangement in which the N-N vectors are canted (Fig. S6 , ESI †).
Based on the structural data, the powder pattern for compounds 1 and 2 was calculated and compared with the experimental pattern, which shows that most compounds were obtained as pure crystalline phases ( Fig. S7 and S8, ESI †).
Magnetic investigations -static properties
To get information about the magnetic ground state of 1 and 2, the magnetic susceptibility w was measured as a function of temperature in a weak magnetic field of 100 Oe (Fig. 3, inset) . The temperature dependence of the wT product is shown in the main part of Fig. 3 to illustrate the simultaneous action of the spin-orbit interaction of the Co(II) ion and of the dominant intra-chain magnetic interaction. They nearly compensate each other above 100 K, but below 50 K the wT product strongly increases, pointing that the dominant interaction is ferromagnetic.
To understand the low temperature magnetic behavior it should be taken into account that the Co(II) ion in an octahedral axially distorted coordination is well described with the effective spin s = 1/2 and a strongly anisotropic g factor. To estimate relevant magnetic parameters of the chain of Ising spins we used the Hamiltonian
where the magnetic field H is close to zero and the ĝ tensor includes g-factors parallel and perpendicular to the spin easy Fig. 2 View of the cobalt thiocyanato chains in compound 1 (top) and 2 (bottom). An ORTEP plot of both compounds can be found in Fig. S4 and S5 in ESI. † axis. The equations derived by Fisher 83 for the susceptibility along these directions are
For J 4 0 the parallel susceptibility strongly dominates and is responsible for the exponential increase of wT at low temperatures. When chains are weakly interacting this inter-chain interaction may be taken into account by using the following equation of the mean field approximation:
where index i denotes the direction of magnetic field parallel or perpendicular to the easy axis, w is the susceptibility of the system with weekly interacting chains and w chain is the susceptibility of isolated chains. The parameter zJ 0 is a measure of the interchain interaction. For powder samples the final equation for susceptibility is
The temperature dependence of the wT product was fitted with the above model in various temperature ranges (e.g. 5-50 K). In the fitting procedure also an additive constant a (like a TIP, the temperature independent paramagnetism) was added to susceptibility. It also takes into account the increase of wT with increasing temperature due to the spin-orbit interaction. This procedure is correct in the limited temperature range. The best fit parameters are given in Table 2 .
In this context it is noted that J values obtained directly from the slope of the ln(wT) vs. reciprocal temperature curve (Fig. S9 , ESI †) are considerably lower than those obtained from the fit. The difference might originate from the antiferromagnetic inter-chain interaction or from deviation of 1 and 2 from assumptions of the Hamiltonian given in eqn (3).
Magnetization versus temperature was measured also in the zero-field cooled and field cooled (FC/ZFC) regime (Fig. 4) . In low magnetic fields an antiferromagnetic maximum is observed but in higher fields a metamagnetic transition occurs. No bifurcations between ZFC and FC curves are observed for compound 1. For 2 small bifurcations are observed in the field range up to 500 Oe. These bifurcations are hardly seen in the scale of Fig. 4 but they are better visible in the w vs. T presentation (Fig. S10, ESI †) .
Field dependent magnetization curves, measured at 1.8 K in the high field range, are shown in Fig. 5 . No saturation is observed even at high fields, which is in accordance with the high magnetic anisotropy of Co(II) ions. The magnetization at high fields is slightly higher for 1 than for 2, which may originate from the different coordination of Co(II) in both compounds.
The field dependent magnetization was also separately measured in weak fields. The experimental data collected at 1.8 K are presented in the inset of Fig. 5 . They were recorded in the field cycling between À1 and +1 kOe. Data collected at higher temperatures can be found in Fig. S11 -S13 in ESI. † It is seen that below T c a magnetization jump occurs. This jump observed in the field H c of B450 Oe for 1 and B350 Oe for 2 at 1.8 K is a sign of metamagnetic transition. No hysteresis loop is observed for 1 down to 1.8 K. For 2 a narrow hysteresis loop is observed in the field range 250-500 Oe and a second small jump near 0 Oe, the origin of which is not clear to us (Fig. S14, ESI †) .
M(H) plots made in the field range 0-1000 Oe for 1 and 2 at various temperatures ( Fig. S12 and S13, ESI †) were used to construct the phase diagrams (Fig. 6) . However, points below 150 Oe in these diagrams were determined as the maximum of d(wT)/dT to reach an agreement with the specific heat study 
0.0076(6) 
Specific heat measurements
To confirm the long range magnetic ordering in compounds 1 and 2, specific heat (C) measurements were performed (Fig. 7) . The temperature dependence of C measured at different applied fields is shown in Fig. S16 and S17 (ESI †). A distinct peak of C(T) is present at 3.80 K for 1, and at 3.68 K for 2, which marks the onset of the second order magnetic ordering transition, in good agreement with the results of magnetic measurements. The field of 0.4 kOe shifts the peak for 1 to a bit lower temperature, 3.75 K, which is typical for an antiferromagnetic structure. For 2 the field of 0.4 kOe is already above the critical field (see Fig. 6 ) and the C(T) peak is completely reduced. The observed peaks of specific heat are on the background that originates from the crystal lattice vibrations, but also from magnetic exchange interaction within chains of Co(II) ion spins. To calculate the lattice contribution we used the linear combination of the Debye and Einstein models of the phonon density of states to account for both acoustic and optical phonon bands.
Below 40 K it was enough to assume a single acoustic branch described by y D and a single optical branch described by y E , producing together
The exchange contribution to the molar specific heat is described by
for s = 1/2 Ising spins in chains. The exchange constant J is defined by the Hamiltonian given in eqn (3). This model, however, does not contain inter-chain interaction, and cannot explain long range ordering. For this reason, the sum C lattice + C chain was fitted to C/T data in the range from 4.5 to 40 K, i.e. only above the critical temperature. , and J/k B = 33.2(4) K. The C lattice and C chain curves, calculated using these parameters, are drawn in Fig. S18 and S19 (ESI †). The magnetic contribution to specific heat, obtained by subtracting C magn = C À C lattice , is shown in Fig. 7 . The entropy change, calculated by integrating C magn /T in the range from 2 to 40 K, is 5.53 for 1 and 5.37 J (mol K) À1 for 2, which is close to the expected
. Only a fraction of this entropy change is below T c (0.69 and 0.34 J (mol K) À1 , respectively). Such behavior is characteristic for quasi-one dimensional systems. 87 Most importantly, the J values obtained from the analysis of calorimetric measurements agree very well with the J values obtained from the analysis of magnetic measurements. Fig. 8 presents the temperature dependence of the AC magnetic susceptibility of 1 and 2 measured at various frequencies and zero DC field. In Fig. S20 (ESI †) also the data collected in field close to H c are shown. As seen, in zero DC field the frequency dispersion occurs in the temperature range much below T c but in field close to H c this temperature range is considerably extended and the maximum value of w considerably increases, especially for 2. In addition, for 2 the maximum of w 00 at first increases with increasing temperature and then decreases. The Mydosh parameter f = DT m /[T m D(log f)] in zero DC field determined from the temperature shift of w 00 is f E 0.15 for 1
Dynamic magnetic properties
and f E 0.10 for 2, which is in the range expected for superparamagnets and single chain magnets. 88 The frequency behavior of w AC observed for compounds 1 and 2 at various temperatures in zero field is presented in Fig. 9 . For analysis the generalized Debye formula was used, which written for a single distribution of relaxation times has the following form:
The meaning of the symbols is as follows: w 0 and w N are the susceptibilities in the limits of zero and infinite frequencies, respectively, t is the mean relaxation time and the parameter a describes the width of the relaxation time distribution (0 r a r 1). The data of zero field for 1 and 2 could be well fitted with a single distribution. A small contribution of a second distribution observed for 1 at the lowest temperatures and lowest frequencies (see also the Cole-Cole plot; Fig. S21 and S22, ESI †) was omitted in the analysis. For both compounds the a parameter is relatively small (B0.2) at the upper temperature limit but increases with decreasing temperature, becoming B0.55 at the lower temperature limit of 1.8 K (Tables S4 and S5 , ESI †). The corresponding data in field could be successfully fitted only for 1 assuming one distribution (the data for 2 were more complex and could not be fitted). The values of a determined for 1 in field were 0.45-0.54 in the corresponding temperature range 1.8-3.0 K. It is worth to note the higher value of a at the upper temperature limit in relation to zero field.
The values of relaxation times for 1 and 2 obtained from fits are plotted as ln t vs. 1/T dependence in Fig. 10 and fitted using the Arrhenius equation
where t 0 is a prefactor and DE is the energy barrier for the relaxation process.
As seen in Fig. 10 , the straight line dependence in the whole temperature range used (red lines) was obtained for 1 in both zero DC field and 600 Oe DC field. The crossover from k = 1 to k = 2 observed for 2 at T* can be used to estimate the chain length n through the relation 2n exp(À2Js 2 /k B T*) = 1, assuming the same length of all chains. 16 For J = 32 K and T* = 2.2 K the chains are fairly long with n B 700 links.
Discussion of the magnetic properties
According to Coulon et al. 16 DE for anisotropic Heisenberg systems DE k may be written as composed of the following two terms:
where D x is the energy needed to create a domain wall and D A is the anisotropy energy, which is interpreted as an energy barrier for a single anisotropic spin inside a narrow domain wall, where it feels no local field. 16 However, in the case of Ising systems with spin s = 1/2 (no zero field splitting) the interpretation of D A is still not clear. 90 With two slopes obtained for 2 both D x and D A can be determined from eqn (12) View Article Online consistent with the assumption that 2 (and most likely 1) is in the Ising limit. Initially, after the discovery of SCM, it was believed that slow relaxations may be observed only in systems with weakly interacting chains, so weakly that no magnetic ordering occurs or it occurs at very low temperature. Soon, it was demonstrated by Coulon et al. 89 that slow relaxations can also exist in the antiferromagnetic (AF) phase and that the relaxation time is enhanced in DC magnetic field being maximum close to the antiferromagnetic-paramagnetic phase transition. Later on, slow relaxations in the AF phase were also reported by Miyasaka et al., who observed them below the blocking temperature T B B 5 K, significantly lower than the Néel temperature T N = 9.4 K. The hysteresis loops in the AF phase, which were presented in both referenced articles, appeared due to slow relaxations of SCM. Obviously, slow relaxations in the AF phase should disappear with the increase of the interchain interactions or more precisely with the increase of the zJ 0 /J ratio and this increase should be associated with the decrease of the T B /T N ratio. This remark refers also to other AF compounds Co(NCS) 2 L 2 previously studied. [41] [42] [43] [44] [45] All are close to the disappearance of SCMs due to significant interchain interactions.
On the other hand, all these compounds show strong relaxations in magnetic fields close to H c . We have shown that relaxations observed for 1 in 600 Oe can be described with the generalized Debye model and a single but rather broad distribution of the relaxation times (a B 0.5). The more complex relaxational behavior of 2 in field (see Fig. S20 , ESI †) may be related to the chosen applied field value because, as known from the previous studies, in fields above H c the material is in the mixed phase between antiferromagnetic and paramagnetic phases. Then the 3D ferromagnetically ordered domains or fractal spin glass clusters form. 91 Also the observed crossover as well as the more complex crystal structure having two directions of N pyr -Co-N pyr vectors (N pyr is the nitrogen atom of pyridine) may influence the relaxational behavior of 2.
It is noted that in 1 and 2 as well as in other compounds of the Co(NCS) 2 L 2 family the only possible interchain interactions are dipolar interactions. Sometimes they lead to AF, and sometimes to FM interactions. For a better understanding of the magnetic properties of this family the knowledge of the easy direction of anisotropy is necessary.
We do not see a clear difference in magnetic properties between trans and cis coordination of Co-ions in 1 and 2. The eventual difference is so small that it is obscured by the difference in crystal structures and large distortion of the coordination octahedron.
Computational studies
Magnetic coupling. The investigation of the intra-chain magnetic coupling for compounds 1 and 2 is based on the dinuclear Co(II) model complexes representing a cutout of the corresponding molecular chain (1: L-py = 4-vinylpyridine; 2: L-py = 4-benzoylpyridine). Since the repeating units of the molecular chains ([Co(NCS) 2 (L-py) 2 ]) are neutral, the representation of the full coordination sphere of two adjacent Co(II) ions in the dinuclear model complex leads to an overall charge, which needs to be compensated within the model. Therefore, the model complex was terminated by two additional Na(I) ions at the positions of adjacent Co(II) ions in the infinite chains. This leads to the computational model complex Na 2 [Co 2 (NCS) 6 (L-py) 4 ] (see Fig. S23 , ESI †), for which the broken-symmetry formalism was employed to calculate the pairwise interactions within the chains of compounds 1 and 2. The constrained DFT (CDFT) approach was utilized for the calculations, as it has been proven to be more efficient with respect to convergence issues than the standard broken-symmetry DFT (BS-DFT) approach. 92 Moreover, the CDFT approach usually leads to superior results for magnetic exchange couplings as compared to those generated with the standard BS-DFT approach. 93, 94 In fact, the coupling constants J obtained with CDFT (1: 27.6 K; 2: 35.3 K) reproduce the experimental ferromagnetic ordering. Details are summarized in Table S6 (ESI †) and the corresponding spin densities for both compounds are depicted in Fig. S24 and S25 (ESI †). It should be noted here that in the case of 2 the BS-DFT approach predicts an antiferromagnetic interaction which is in conflict with the experiments. One major issue within the BS-DFT calculations is an overestimated spin delocalization onto the terminal NCS ligands leading to decreased spin density on the two bridging NCS units. This issue arises from the isolated character of the employed models for the representation of the infinite molecular chains. In the model systems the spin density of the unpaired electrons from the Co(II) ions is consequently delocalized over a larger spatial region. An alternative option to tackle this issue could be the utilization of larger model systems containing more repeating units, however, at significantly higher computational costs. Our results with the CDFT calculations show that employing constraints to restrict the spin densities on the Co(II) centers and their first coordination sphere allows the use of dinuclear model systems to qualitatively reproduce the magnetic coupling in 1 and 2. To gain further insight, we performed calculations for which the sodium ions were replaced by simple point charges located at the positions of the metal ions. In contradiction to the experiment this leads to an antiferromagnetic ground state in the case of 1 ( J = À41.3 K) and a weak ferromagnetic coupling in the case of 2 ( J = 12.7 K). Thus, we conclude that a reasonable chemical representation of the metal centers at the terminal positions of the model fragment is required to reproduce the experimental results, which cannot be achieved by simple point charges. To further probe the possible reduction of the computational model we also tested to substitute the apical pyridinebased co-ligands by an unsubstituted pyridine. For both cases this results in the prediction of a rather strong antiferromagnetic coupling (1: J = À108.1 K, 2: J = À86.9 K). This clearly indicates that also the electronic properties of the apical co-ligands might play a crucial role.
As a result, CDFT calculations on the sodium terminated dinuclear model system are suitable to describe the intra-chain interactions in compounds 1 and 2. These calculations are in agreement with the observed small differences in magnetic coupling as the two configurations at the cobalt centers are concerned (1: trans-and 2 cis-position).
Single-ion anisotropy. Ab initio calculations have been performed to gain further insight into the magnetic anisotropy of the single ions for compounds 1 and 2. To adequately describe the [Ar] 3d 7 electronic configuration of Co(II) ions and consequently their magnetic properties it is inevitable to apply multireference computational approaches. However, these calculations are costly in terms of computational time, and thus, at this level of theory only molecular fragments with one Co(II) metal center can be investigated. In accordance with our above-mentioned results the model structure for the calculation of the single-ion anisotropies of 1 and 2 is based on mononuclear Co(II) fragments with sodium ions at the terminating positions (Na 2 [Co(NCS) 4 (L-py) 2 ], see Fig. S26 , ESI †).
Since the asymmetric unit of compound 1 contains two crystallographically independent Co(II) centers two model complexes had to be used which differ in the orientation of vinylpyridine planes with respect to the direction of the chain and are further denoted as 1-Co1 (perpendicular) and 1-Co2 (parallel).
In general, high-spin Co(II) ions in an octahedral geometry possess a 4 T 1g ground state which is primarily responsible for their magnetic properties due to considerable energy gaps to higher quartet ( 4 T 2g , 4 A 2g ) and doublet states ( 2 G, 2 P, etc.).
Nevertheless, the higher energetic states have a slight influence on the electronic ground state, and thus have to be taken into account. and 2, respectively. However, the description of these individual states is not sufficient to get an accurate insight into the magnetic properties due to the lack of state-mixing and spin-orbit coupling. RASSI-SO/SINGLE_ANISO calculations on the basis of the CASPT2 wave functions have been performed to adequately describe the energetic states. This leads to 6 doubly degenerated spin-orbit coupled states (J = 1/2, 3/2, and 5/2), denoted as Kramers doublets (KDs), with predominant contribution from the 4 T 1g subterm of the 4 F multiplet. However, even at room temperature only the lowest two KDs are expected to be thermally populated, due to the relative energies of the higher KD states (see Table S8 , ESI †). The alternating orientation of the 4-vinylpyridine co-ligands in the case of 1 has a slight influence on the calculated energy gap between the ground and the first excited KD. The parallel arrangement of 4-vinylpyridine with respect to the chain orientation (1-Co2) leads to a slightly higher energy gap of 192 cm À1 as compared to the perpendicular case (1-Co1) with 183 cm À1 . On the other hand, for compound 2 both parallel and perpendicular orientations of the 4-benzoylpyridine co-ligand are observed at a single Co(II) ion which in this case is associated with a significantly higher first excited KD at 270 cm
À1
. However, this effect cannot be attributed to a single structural parameter, due to the additional differences in the (NCS) 4 coordination environment at the Co(II) centers (1: cis, 2: trans) as well as differences in the structural and electronic properties imposed by the substituents at the co-ligands.
Calculated zero-field splitting (ZFS) parameters and g values for an effective spin of S eff = 3/2 are summarized in Table 3 Fig. 11 . In all cases a nearly parallel alignment of the main anisotropy axis with the N-N vector of the two apical pyridine-based co-ligands can be found. The angle between the N-N vector and the main anisotropy axis is found to be 2.5, 2.8, and 0.31 for 1-Co1, 1-Co2, and 2, respectively. In both compounds the corresponding hard plane of magnetization is formed within the S 2 N 2 coordination plane of the four NCS ligands (angles between the hard plane and the S 2 N 2 coordination plane: 1-Co1: 2.41, 1-Co2: 3.11, 2: 1.61). The basic orientation of the two hard-axes approximately along the Co-N and Co-S bonds can explain the noticeable rhombic ZFS parameter E due to a different electronic structure of these N and S donor atoms.
The calculated g values (S eff = 3/2) given in Table 4 show in accordance with the ZFS an easy-axis anisotropy (g z 4 g x , g y ) with g z values of 2.980, 2.974, and 3.291 for 1-Co1, 1-Co2, and 2, respectively. The large g z values as compared to (pseudo)-tetrahedrally coordinated Co(II) complexes 95 are the result of a strong spin-orbit contribution which is most pronounced in the case of 2. It is interesting to note that this goes along with the smallest deviation from an ideal octahedral coordination sphere in the case of 2 as obtained by continuous shape measures (S(O h ) for 1-Co1: 1.057, 1-Co2: 1.130, and 2: 0.865).
96,97
The calculated g tensor components for the two lowest KDs within an effective spin formalism of S eff = 1/2 are listed in Table 4 . For both compounds 1 and 2 the ground state KD possesses an easy-axis anisotropy which is in agreement with the previous results (for S eff = 3/2). 
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Noteworthily, the perpendicular arrangement of 4-vinylpyridine with respect to the chain orientation (1-Co1) leads to a slightly higher g z value as compared to the parallel case (1-Co2). The first excited KD in 1 and 2 also shows easy-axis anisotropy, but with smaller g z values and larger transversal components g x and g y . The corresponding principal axes for the first excited KD are depicted in Fig. S28 (ESI †). For compound 2 the orientation of the principal axes is similar to what was observed for the ground state, whereas this is surprisingly not the case for the Co(II) centers of 1-Co1 and 1-Co2. For the latter cases the easy-axes of the first excited state are within the S 2 N 2 coordination plane and oriented perpendicular to the corresponding plane of the aromatic ring system of the 4-vinylpyridine co-ligands.
There is an obvious discrepancy between experimentally estimated effective barriers and the calculated single-ion barriers in terms of their first excited KD energies. Thus, the presence of dominant relaxation processes other than the thermal Orbach process can be assumed. Concerning quantum tunneling within a single Co(II) ion fragment Fig. S29 and S30 (ESI †) show the average dipole transition matrix elements for the first two KDs of 1 and 2. Obviously, for all model systems a considerable quantum tunneling of magnetization would be expected due to the large dipole transition matrix elements within the ground state KD (1-Co1: 0.447; 1-Co2: 0.639; 2: 0.480). In contrast to 2, the first excited KD of 1-Co1 and 1-Co2 shows no large m z value due to the change of the easy-axis orientation. Recently, a similar discrepancy (U calc = 264 cm À1 and U eff = 25 cm
À1
) has been reported for a mononuclear octahedral Co(II) compound ([Co(H 2 O) 2 (CH 3 COO) 2 (py) 2 ]) with two apical pyridine ligands for which a two-phonon Raman process was proposed. 98 Moreover, it should be noted that 1 and 2 are not single-ion complexes but represent more complex magnetically coupled systems. Nevertheless, the performed single-ion ab initio calculations help to evaluate the axial anisotropy which revealed a slightly higher axial anisotropy in the case of 2 which goes together with a stronger intra-chain magnetic coupling. Due to the identical NCS-bridged equatorial coordination chains the axial anisotropy can be directly tuned by the apical co-ligands with their electronic influences.
Conclusions
The major goal of this work consists of investigations of the influence of metal coordination and the crystal structure on the magnetic properties of 1D Co-thiocyanato coordination polymers. Therefore, two new compounds of the general formula [Co(NCS) 2 L 2 ] n were synthesized (L is 4-vinylpyridine (1) or 4-benzoyl pyridine (2)). They are built up of ferromagnetic chains, which are weakly antiferromagnetically coupled, so they show magnetic ordering and a metamagnetic transition. While 1 shows a trans configuration of the anionic ligands along the exchange path, the configuration is different (cis) for 2. This different configuration results in slightly greater magnetic exchange for 2. Both compounds show singlechain magnet relaxations in the antiferromagnetic state. The intra-chain magnetic coupling obtained by CDFT calculations utilizing the corresponding dinuclear Co(II) fragments of 1 and 2 as models is in agreement with the experimental results. Ab initio calculations revealed the ground state easy-axis anisotropy in all cases with the easy-axis of magnetization aligned along the N-N vector of the pyridine-based apical ligands. Moreover, the calculations reveal the presence of significant rhombic ZFS as evidenced by large E values. The single-ion calculations clearly show that structural and electronic properties of the apical co-ligands influence the magnetic properties, e.g. in terms of the g z values. However, in 1 the alternating arrangement of the 4-vinylpyridine co-ligands (parallel and perpendicular) with respect to the chain orientation leads to a compensation of the higher magnetic anisotropy in the perpendicular arrangement (1-Co1). Therefore, further studies are planned to determine experimentally the easy direction of magnetic anisotropy and clarify the role of dipolar interactions leading to magnetic ordering, which is necessary to fully understand the variety of magnetic properties for this family of compounds.
